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Abstract

This study investigated the effects of carbon nanofibers (CNFs) content on hygrothermal ageing
behaviors and mechanisms of flax fiber-reinforced epoxy (FFRE) laminates. CNFs/FFRE laminates
containing 0.25–2.0 wt% CNFs were fabricated and immersed in distilled water for 180 days. Water
absorption and tensile as well as thermodynamic properties were investigated. The research results
showed that CNFs played a significant role in the improvement of hygrothermal properties of FFRE
laminates. The water uptake of CNFs/FFRE laminates was significantly decreased because CNFs
improved water barrier properties of the laminates. The improvements of tensile and thermodynamic
properties of CNFs/FFRE laminates were attributed to the fact that CNFs strengthened the interface
bonding and enhanced the matrix’s stability. This study demonstrates that adding appropriate amount
of CNFs into FFRE laminates is beneficial to improving the hygrothermal durability of FFRE laminates.
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1. Introduction

In the past few decades, fiber-reinforced polymer (FRP) composites have been widely used in many
fields such as automobile, aerospace and construction due to their outstanding mechanical properties,
light weight, high strength, corrosion resistance and durability [1], [2], [3], [4], [5], [6], [7], [8], [9], [10].
However, with the consumption of non-renewable resources and the aggravation of severe
environmental pollution, it is urgent to find renewable and environmentally friendly fibers to replace
the traditional synthetic fibers such as carbon, glass, and basalt fibers. Plant fiber as one kind of
renewable fibers is attracting much attention in many fields due to its low density, renewability, and
biodegradability as well as cost-effectiveness [11]. Many types of plant fiber (e.g., flax, hemp, sisal, and
ramie fiber) reinforced polymers (PFRP) composites have been explored by some researchers [11],
[12], [13], [14], [15]. Among the plant fibers which have been studied, flax fiber possesses excellent
mechanical properties (400–2000 MPa of tensile strength, 12–85 GPa of tensile modulus, and 1–4% of
ultimate strain [16], [17], [18]), which are close to those of glass fiber. Therefore, flax fiber is one of the
strongest plant fiber candidates in the pursuit of replacing synthetic fibers [17], [18], [19], [20], [21].
Although flax fiber has excellent mechanical properties, its applications as a load-bearing structural
material in civil engineering are limited due to its severe deterioration under hygrothermal conditions.
Flax fiber is composed of a primary outer wall and a secondary wall with three different layers, which
are mainly made of cellulose, hemicellulose and pectin, and a central hollow region [15], [18], [20]. The
cellulose, hemicellulose and pectin contain lots of hydrophilic groups (e.g., hydroxyl), which can attract
large number of water molecules. Additionally, the central hollow region of flax fiber is easy to store
water. Some studies [15], [18], [20] showed that water immersion would cause degradation of flax
fiber and reduce its mechanical properties. In addition, the degradation process of flax fiber would be
accelerated under the coupling of water immersion and high temperature due to the poor
thermostability of hemicellulose and pectin of flax fiber [21], [22], [23].

For improving the shortcomings of flax fiber, many methods of fiber surface treatment have been
explored by researchers [21], [24], [25], [26] to improve its hygrothermal ageing behavior. These
methods can be categorized as physical methods (e.g., steam explosion treatment and heat
treatment), chemical methods (e.g., alkali treatment), and biological treatment methods (e.g., enzyme
treatment). The methods of fiber surface treatment could improve the hygrothermal ageing behavior
of flax FRP (FFRP) laminates in their early stage of hygrothermal ageing, but the improvement is not
obvious in the long-term hygrothermal ageing [13], [26]. This phenomenon can be explained by two
main reasons. First, the polymer matrix begins to be deteriorated, leading to micro-cracks
development and voids formation in the matrix, after the FFRP laminates are immersed in water. The
deterioration of the polymer matrix will significantly affect the hygrothermal ageing behavior of FFRP
laminates. Second, when water enters into the interior of the FFRP laminates through the cracks and
the voids of the matrix to corrode the fiber, water will gradually fill the whole lumen of the fiber with
the increase of immersion time, causing the benefits of fiber surface treatments to improve
hygrothermal ageing behavior is not obvious under the coupling of long-term solution immersion and
high temperature [27]. Therefore, in the case where the effect of fiber surface treatment on its
hygrothermal ageing behavior is limited, modifying the properties of the polymer matrix might be an
alternative method suitable for improving the hygrothermal ageing behavior of FFRP laminates.
Among all methods of modifying the properties of the polymer matrix, adding nanoparticles into the
polymer matrix (also called polymer-matrix nanocomposites) is one of the effective methods. Polymer
matrix nanocomposites are hybrid materials consisting of nanoparticles dispersed in an organic
polymer matrix [28], [29], [30], [31], [32]. Polymer matrix incorporating nanoparticles (i.e., carbon
nanotubes (CNTs), Nano-SiO2, and Nano-clay) have been reported by numerous studies [28], [29], [30],
[31], [32], which indicated that the properties of the polymer-matrix nanocomposites after adding
nanoparticles were significantly improved. Compared with CNTs, carbon nanofibers (CNFs) have gotten
much more attention in last two decades due to their excellent mechanical properties, easy-todisperse and low manufacturing cost [33], [34], [35]. Some researchers [36], [37], [38] have proven that
the incorporation of CNFs in polymer matrix made a greatly enhancement on mechanical, thermal and
electrical properties of the matrix. In particular, adding CNFs into the polymer matrix could also
improve its hygrothermal resistance [36]. Hence, it will be a feasible method to improve the
hygrothermal ageing behavior of FFRP laminates by adding CNFs into the polymer matrix of FFRP
laminates.
The method of adding CNFs into polymer matrix to improve their hygrothermal ageing behavior was
first developed in synthetic fiber-reinforced composites [39], [40]. Jefferson et al. [39] explored the
influence of hygrothermal conditions on CNFs/glass FRP (GFRP) laminates and found that adding
1.0 wt% CNFs into the matrix of GFRP laminates significantly reduced both water saturation level and
water diffusivity of the GFRP laminates. Microscopy observation indicated that the bridging effect
occurred due to the addition of CNFs, which reduced the degradation of the laminates. Kattaguri et al.
[40] studied the influence of CNFs’ contents on GFRP laminates immersed in seawater after 150 days. It
was found that the hygrothermal durability of 1.0 wt% CNFs/GFRP laminates was more superior to that
of 0.1 wt% CNFs/GFRP laminates. However, there is no research to study the hygrothermal ageing
behavior of FFRP laminates modified by CNFs. Compared with the traditional fiber surface treatment
method (i.e. physical method, and chemical method) [21], [24], [25], [26], using CNFs in the

modification of FFRE laminates to improve their hygrothermal ageing behavior may be expensive.
However, as mentioned above, the improvement through traditional fiber surface treatment method is
not obvious in the long-term hygrothermal ageing for FFRE laminates [13], [26]. It might be a costeffective alternative to enhance the long-term hygrothermal ageing behavior of FFRE laminates
modified by CNFs. Therefore, it is necessary to comprehensively evaluate the hygrothermal ageing
behavior of FFRP laminates modified by CNFs, which will be helpful to expand the application of FFRP
laminates in moist environment.
The objectives of this research are to investigate the effect of CNFs on the hygrothermal ageing
behavior of flax fiber-reinforced epoxy (FFRE) laminates subjected to distilled water immersion, and to
explore the hygrothermal ageing mechanism of FFRE laminates modified by CNFs. In this study,
CNFs/FFRE laminates with 0 to 2.0 wt% of CNFs were fabricated by wet lay-up method. All samples
were immersed in 20 °C, 40 °C, and 60 °C distilled water for 180 days, respectively, to study the water
absorption of CNFs/FFRE laminates. Tensile and thermodynamic properties of the CNFs/FFRE laminates
were also investigated at different ageing time. Scanning electron microscope (SEM) and Fourier
transform infrared (FTIR) spectrum were conducted to characterize the changes of hygrothermal
ageing of the CNFs/FFRE laminates. Moreover, the corresponding hygrothermal ageing mechanism of
CNFs/FFRE laminates immersed in distilled water was also explored.

2. Experimental program
2.1. Materials and fabrication

The bi-directional flax fiber fabrics were chosen as the reinforcement of FFRE laminates. The area
density and normalized thickness of flax fabrics were 240 g/m2 and 0.16 mm, respectively. An epoxy
resin including main agent and curing agent with a weight ratio of 10:3 was adopted as the matrix of
FFRE laminates. CNFs were adopted as nanofillers in the FFRE laminates. The average diameter and
length of CNFs were 100 nm and 50–200 μm.
The fabrication procedure of CNFs modified FFRE laminates is schematically shown in Fig. 1 and
described in following. (1) Four amounts of CNFs (i.e., 0.25%, 0.5%, 1.0%, and 2.0% by weight of the
epoxy resin matrix), which had been dried in an oven before weighing to remove any possible moisture
in them, were mixed with acetone by using a high-speed mechanical agitator for 30 min with a rotating
speed of 2000 rpm. (2) Sonication for the CNFs/acetone mixture was followed by placing the solution
in an ultrasonic cleaner for 6 h at 60 °C to facilitate the dispersion. (3) The CNFs/acetone mixture was
added into the epoxy main agent, and then was subjected to mechanical agitation and ultrasonic
dispersion to get a CNFs/epoxy mixture with uniform dispersion. The acetone in the mixture was
volatilized completely during mechanically stirring. (4) To remove the bubbles in the CNFs/epoxy
mixture, the CNFs/epoxy mixture was kept in a vacuum oven for 20 min. (5) The curing agent was
added into the CNFs/epoxy mixture with low-speed stirring (a rotating speed of 500 rpm) for 5 min.
The mixture was then degassed in the vacuum oven for 20 min. (6) The CNFs/FFRE laminates including
two layers of bi-directional flax fiber fabrics with the dimensions of 350 mm × 350 mm were made by
the method of wet lay-up. The laying direction of the two flax fiber fabrics were kept same. (7) The
CNFs/FFRE laminates were firstly cured at room temperature for 24 h and then placed in an oven set at
60 °C for additional 24 h. The CNFs/FFRE laminates were then kept at room temperature for additional

168 h (7 days) before being immersed in distilled water at different temperatures for ageing and
testing. The thickness of the cured CNFs/FFRE laminates was 1.3 ± 0.2 mm. The fiber volume ratio of
the laminates is about 0.25. And the weight ratio of epoxy resin to flax fabric in the laminates is about
9:4. In this paper, the FFRE and the CNFs/FFRE laminates containing 0.25 wt%, 0.5 wt%, 1.0 wt%, and
2.0 wt% CNFs were denoted as F0, F0.25, F0.5, F1.0, and F2.0, respectively.

Fig. 1. Schematic procedure to fabricate the CNFs/FFRE laminates. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The specimens for each type of test in this study were obtained by cutting from the laminates. Four
types of test samples (i.e., water absorption test, tensile test, dynamic mechanical analysis (DMA), and
FTIR) are shown in Fig. 2.

Fig. 2. Test specimens of (a) water absorption test according to ASTM D570 [41]; (b) tensile test according to
ASTM D3039 [42]; (c) DMA according to ASTM D4065 [43]; and (d) FTIR.

2.2. Water absorption test

The water absorption test was performed according to ASTM D570 [41]. In order to assess the water
absorption of the pure FFRE and CNFs/FFRE laminates, the samples were immersed in distilled water at
23 °C, 40 °C, and 60 °C, respectively, for up to 180 days. The samples were weighed periodically using
an electronic balance with a measurement precision of 0.1 mg. At the specific time intervals, which are
listed Table 1, the wet samples were taken out from distilled water and wiped with a cloth quickly to
remove the surface water before weighing. The water uptake Mt of a sample was calculated by Eq. (1).

(1)

𝑊𝑊𝑡𝑡 − 𝑊𝑊0
� × 100%
𝑀𝑀𝑡𝑡 = �
W0

where Wt is the weight of the wet sample at a specific time interval t, and W0 is the weight of the dry
sample. For each laminate with same amount of CNFs, the average water absorption of ten samples
was adopted.
Table 1. Ageing time intervals.
Test type
Ageing time
Water
0 h, 1 h, 2 h, 4 h, 8 h, 1 day, 2 days, 4 days, 7 days, 14 days, 30 days, 90 days,
absorption
180 days
Tensile
0 day, 7 days, 14 days, 30 days, 90 days, 180 days
properties

2.3. Tensile test

The tensile test was carried out according to ASTM D3039 [42] by using a uniaxial tensile testing
machine at a loading speed of 2 mm/min. The tensile samples containing different amounts of CNFs
were immersed in distilled water at 40 °C for the maximum duration of 180 days. Five samples for each
group were tested at the specific time intervals of tensile test listed in Table 1. During the tensile test,
an extensometer with a gauge length of 50 mm was attached to the specimen to measure the tensile
strain.

2.4. Scanning electron microscopy

The micro-morphologies of the fractured tensile samples before and after ageing were observed by
using a SEM instrument. All samples were coated with a gold layer for conductivity before observation.
To eliminate the influence of variation, three samples for each group were observed.

2.5. Dynamic mechanical analysis

All dynamic mechanical analysis (DMA) samples were immersed in distilled water at 40 °C for the
maximum duration of 90 days, and three samples were tested for each group at specific time intervals.
The thermodynamic properties of the FFRE and CNFs/FFRE laminates were characterized by a dynamic
mechanical analyzer. The test mode of DMA was in a single cantilever mode at a frequency of 1 Hz. The
test temperature was set from room temperature to 140 °C with a heating rate of 2 °C/min. Storage
modulus (E′), loss factor (tan𝛿𝛿), loss modulus (E″), and glass transition temperature (Tg) of the samples
were recorded.

2.6. FTIR analysis

The changes of bands and functional groups of FFRE composites after the addition of CNFs were
characterized by a FTIR instrument. The CNFs/FFRE laminates exposing to the hygrothermal
environment at 40 °C for 90 days were also analyzed by FTIR spectrum. Five samples for each group
were prepared, and each sample was scanned at a resolution of 4 cm−1 to obtain a spectrum in the
wavenumber range 650–4000 cm−1.

3. Results and discussions
3.1. Water absorption

The water uptakes of pure FFRE and CNFs/FFRE laminates for a maximum duration of 180 days are
shown in Fig. 3. It can be observed from Fig. 3 that the water uptake of CNFs/FFRE laminates with
various amounts of CNFs decreased obviously compared with that of pure FFRE laminates. After
180 days of ageing, the water uptakes of F0.25, F0.5, F1.0 and F2.0 decreased by 13.0%, 20.0%, 18.2%, and
16.9% at 23 °C, and 4.3%, 19.4%, 28.1%, and 23.7% at 40 °C, respectively, compared with those of F0.
When the temperature of distilled water was increased to 60 °C, the water uptakes of F0.25, F0.5, F1.0,
and F2.0 still decreased by 8.5%, 13.6%, 13.6%, and 10.6%, respectively, compared with that of F0. This
means that addition of CNFs in FFRE laminates played a positive role on the decrease of water uptake,
even in a high-temperature environment. As the CNFs amount was increased from 0 to 2.0 wt%, the
water uptake of CNFs/FFRE laminates declined initially until 1.0 wt% CNFs, and then increased with the
increase of the amount of CNFs from 1.0 wt% to 2.0 wt%. The increase of water uptake in the samples
with relatively large amount of CNFs (i.e. 2.0 wt%) could be due to the poor dispersion of CNFs in the
epoxy matrix in those samples. The dispersion of CNFs with the content of 1.0 wt% and 2.0 wt% in the
epoxy matrix can be observed from the SEM images in Fig. 4. Fig. 4a shows that 1.0 wt% CNFs were
dispersed uniformly in the epoxy matrix. However, some agglomerations appeared when the content
of CNFs was increased to 2.0 wt% as shown in Fig. 4b. These agglomerations of CNFs might cause some
defects to weaken the water-resistance of the epoxy matrix. A similar phenomenon was also found in
other literature [36].

Fig. 3. Water uptake of the FFRE and CNFs/FFRE laminates as a function of the square root of time in distilled
water at (a) 23 °C, (b) 40 °C and (c) 60 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Dispersion of (a) 1.0 wt%, and (b) 2.0 wt% CNFs in FFRE laminates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

For pure FFRE and CNFs/FFRE laminates, the changing trends of water uptake showed that the water
uptake increased linearly and quickly with the time in the beginning, and then became slower after
certain immersion time, which follows the Two-stage model [44]. Eq. (2) can be used to calculate the
parameters of the Two-stage model.
∞

(2)
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where M∞ is the effective equilibrium water uptake, M(t) is the water uptake at predetermined time
intervals t, D is the effective diffusion coefficient, and h is the thickness of the laminates.
As shown in Fig. 3, the fitting curves using Eq. (2) are consistent with the actual test results. The water
uptake parameters (i.e., equilibrium water uptake M∞ and diffusion coefficient D) of the two-stage
model for CNFs/FFRE laminates at different temperatures could be determined using Eq. (2). Fig. 5
presents the equilibrium water uptake M∞ of CNFs/FFRE laminates containing different contents of
CNFs in distilled water at 23 °C, 40 °C, and 60 °C, respectively. As shown in Fig. 5, the values of M∞ of all
CNFs/FFRE laminates were smaller than those of pure FFRE laminates at different temperatures.
Among these CNFs/FFRE laminates containing different amounts of CNFs, F1.0 exhibited the best
performance on water resistance. Comparing to F0, the M∞ of F1.0 decreased apparently by 29.3%,
37.5%, and 14.4%, at 23 °C, 40 °C, and 60 °C, respectively. The values of diffusion coefficient D of
CNFs/FFRE laminates containing different content of CNFs in distilled water at 23 °C, 40 °C, and 60 °C
are shown in Fig. 6. The diffusion coefficient D is closely related to the slope of the initial linear part of
the water uptake curves shown in Fig. 3, and has significantly effect on the ageing time to reach water
saturation and the amount of water uptake. It can be seen in Fig. 6 that the values of D decreased at
first and then increased with the increase of CNFs, and all of them were lower than those of F0 at all
three temperatures tested in this study. This indicates that the addition of CNFs had an excellent
barrier function on water diffusion. The value of D was also highly sensitive to the temperature of the

distilled water. The data showed that the rate of water diffusion inside of samples was accelerated as
the temperature was increased. The increase of D led to an increase in the equilibrium water uptake
M∞, which can be observed from Fig. 5, Fig. 6.

Fig. 5. Equilibrium water uptake M∞ of CNFs/FFRE laminates containing different contents of CNFs in distilled
water at 23 °C, 40 °C, and 60 °C. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Diffusion coefficient D of CNFs/FFRE laminates containing different contents of CNFs in distilled water at
23 °C, 40 °C, and 60 °C. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The reduction of water uptake of the CNFs/FFRE laminates after adding CNFs can be explained by two
reasons. On one hand, since the hydrophobic of CNFs is in contrast to the hydrophily of flax fiber, CNFs
occupy a certain free-volume inside the matrix, and therefore reduce the volume for water molecules.

On the other hand, CNFs as a barrier medium hinders the water diffusion [45] because the water
molecules need to go through a tortuous diffusion path in the CNFs/FFRE aminates as shown in Fig. 7.

Fig. 7. Different diffusion paths of water in pure FFRE and CNFs/FFRE laminates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Tensile test

The tensile properties (i.e., tensile strength, tensile elastic modulus, and elongation at break) of pure
FFRE and CNFs/FFRE laminates with 0.25 wt% to 1.0 wt% CNFs vs. ageing time are presented in Fig. 8.
The tensile strengths (Fig. 8a) of all aged samples decreased by 20–25% after 180 days of immersion
compared with that of unaged samples. As the CNFs amounts were increased from 0 to 1.0 wt%, the
tensile strengths of unaged and aged specimens were improved gradually. For example, the tensile
strength of F1.0 decreased from 195.0 MPa to 145.8 MPa after the ageing of 180 days, while that of F0
decreased from 172.0 MPa to 130.9 MPa after the same ageing period. The final tensile strength of F1.0
after the ageing of 180 days was still 11.1% higher than that of F0. It can be found from Fig. 8b that the
tensile elastic modulus of the samples was gradually improved with the increase of CNFs content
before ageing. After they were immersed in distilled water for 180 days, the tensile elastic modulus of
all samples degraded severely. Among these CNFs/FFRE laminates, F0.25, F0.5, and F1.0 decreased from
15.4 GPa to 10.1 GPa, from 15.6 GPa to 10.2 GPa, and from 17.4 GPa to 10.4 GPa, respectively, but all
them were higher than those of F0 (from 13.0 GPa to 9.8 GPa). The CNFs/FFRE laminates containing
1.0 wt% CNFs had highest tensile modulus in all ageing stages among all CNFs/FFRE samples.

Fig. 8. Effect of hygrothermal ageing on the tensile properties of pure FFRE and CNFs/FFRE laminates. (a) Tensile
strength, (b) Tensile elastic modulus, and (c) Elongation at break. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The changing trend of elongation at break after ageing as shown in Fig. 8c was different from those of
tensile strength and tensile elastic modulus. The elongations at break of aged samples within the
ageing of 30 days showed substantial improvement compared to those of the unaged samples. This is
because the samples became softer after absorbing water. After 30 days of ageing, the elongation at
break gradually decreased due to the deterioration and plasticization of polymer matrix and the ageing
of flax fibers. It was observed that the elongations at break of CNFs/FFRE laminates were lower than
that of pure FFRE laminates after ageing. This might be because the addition of CNFs in FFRE laminates
increased the stiffness of the laminates, leading to a decrease of deformability.
Fig. 9 shows the relationship between the tensile properties of pure FFRE and CNFs/FFRE laminates
with different amount of CNFs and the water uptake. There was a strong correlation between the
tensile strength/modulus of all samples and the water uptake (Fig. 9a and b). The tensile strength and
modulus of all samples gradually degraded with the increase of the water uptake. The degradation rate
of the tensile strength and modulus increased significantly after the equilibrium water uptake (about at
the ageing time of 14 day) was reached. As shown in Fig. 9c, the elongations at break of the samples
increased before 30 days of ageing (the third interval of tensile tests), and decreased afterwards with
the increase of the water uptake.

Fig. 9. Tensile properties of pure FFRE and CNFs/FFRE laminates vs. water uptake. (a) tensile strength, (b) tensile
elastic modulus, and (c) elongation at break. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

3.3. Morphological characterization

In order to understand the improvement of tensile properties of CNFs/FFRE laminates after ageing,
failure analysis was conducted on fractured samples by observing the microscopic morphology. Fig.
10a and b present the sample surfaces of F0 and F1.0 after 90 days of ageing, respectively. It can be
found that a lot of cracks and voids developed in the epoxy matrix without CNFs (Fig. 10a), but less
damage was in the CNFs/epoxy matrix (Fig. 10b). Fig. 10c and d show the magnified morphologies of
pure epoxy matrix and CNFs/epoxy matrix, respectively. Many micro-cracks and voids can be observed
in Fig. 10c, which were caused by the swelling and plasticization of epoxy resin. However, there were
only a few slight defects (e.g., pittings) that developed in the CNFs/epoxy matrix, as shown in Fig. 10d.
This could be explained by that the CNFs with high specific surface area inhibited the movement of the
epoxy molecular chains, and therefore improved the stability of the epoxy matrix [46]. Moreover, the
formation of micro-cracks in the epoxy matrix might also be caused by the different
thermal expansivities between the flax fiber and the epoxy matrix. The presence of CNFs playing as
bridging inhibited the generation of micro-cracks in the epoxy matrix [47].

Fig. 10. Sample surfaces of F0 (a and c) and F1.0 (b and d) after 90 ageing days. Fracture surfaces of unaged F0 (e),
90-days aged F0 (f) and F1.0 (g). Interfacial adhesion of (h) F0 and (i) F1.0 after 90 ageing days. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The interface status between the epoxy matrix and the flax fibers of pure FFRE laminates before and
after ageing can be seen from Fig. 10e and f, respectively. Fig. 10e shows that there was no significant
interfacial separation between the epoxy matrix and the flax fibers of unaged pure FFRE laminates,
which displayed a good interfacial bonding before ageing. After 90 days of ageing, interfacial damages
were developed in the pure FFRE laminates (Fig. 10f). For the 1.0 wt% CNFs/FFRE laminates, the degree
of debonding between the epoxy matrix and the flax fibers as shown in Fig. 10g was less severe than
that of pure FFRE laminates. The magnified debonding of pure FFRE laminates (Fig. 10h) showed a large
area of interface debonding. However, the CNFs/FFRE laminates (Fig. 10i) had better fiber/matrix
interfacial bonding. Some studies [48], [49], [50], [51], [52], [53] have shown that the interfacial
bonding between the reinforcing fiber and the resin matrix would be increased significantly due to the
addition of nano-fillers into the resin matrix. Park et al. [48] measured the interfacial shear strength
(IFSS) between the glass fiber and the epoxy resin modified by CNTs through microdroplet pullout
tests. Their test results indicated that the IFSS value of the glass fiber/CNT-epoxy nanocomposites
increased from 44.9 MPa to 56.9 MPa compared with that of the glass fiber/neat-epoxy composites.
Ahmadi et al. [49] investigated the IFSS between ultrahigh molecular weight polyethylene (UHMWPE)
fiber and CNFs-epoxy resin via microdroplet pullout tests. It was found that the IFSS value increased
from 1.93 MPa to 2.10 MPa in the UHMWPE fiber/CNFs-epoxy nanocomposites with 0.5 wt% CNFs,
compared with that of fiber/neat-epoxy composites. The test results of Mohammadalipour et al. [50]
also showed that the IFSS value between the UHMWPE fiber and the epoxy resin increased from
2.40 MPa to 5.23 MPa when 3.0 wt% nano-clay was added into the neat epoxy resin. In addition to
IFSS, the interlaminar shear strength (ILSS) can also reflect the interfacial bonding between the fiber
and the matrix. Through short-beam bending test, Wu et al. [51] found that the ILSS of the carbon
fiber/CNTs-methylphenylsilicone resin (MPSR) nanocomposites filled with 0.5 wt% CNTs is 34.14 MPa,
which is higher than that of carbon fiber/neat-MPSR composites (30.52 MPa). Shen et al. [52] observed

that the ILSS value between the ramie fiber and CNTs-epoxy with 0.6 wt% CNTs, was 38% higher than
that of the counterpart without CNTs. Therefore, the interfacial bonding between the flax fiber and the
epoxy resin modified by CNFs in this study is also expected to be increased due to the addition of CNFs
into the matrix.
Through analyzing the fracture surfaces of pure FFRE and CNFs/FFRE tensile samples before and after
ageing, it can be concluded that the addition of CNFs not only improved the stability of the epoxy
matrix, but also strengthened the interface bonding between the epoxy matrix and the flax fibers. Fig.
11a shows that the CNFs were pulled out during the tensile test. This demonstrates that CNFs with
excellent mechanical properties could bear the tensile force during the test. In addition, CNFs could be
used as a transmission medium that changed the path of tensile force being transferred within the
specimen, which reduced the stress concentration. Moreover, the significant bridging effect of CNFs
strengthened both the compactness of the matrix itself and the interfacial bonding between the fibers
and the matrix as shown in Fig. 11b, 11c, and 11d. Therefore, the long-term tensile properties of
CNFs/FFRE laminates were improved compared with that of pure FFRE laminates.

Fig. 11. Bridging of CNFs after tensile failure between (a) and (b) matrix and matrix, (c) and (d) fiber and matrix.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

3.4. DMA

To analyze the viscoelastic properties of FFRE laminates with various amounts of CNFs after
hygrothermal ageing, the variation in thermodynamic parameters (i.e., E′, E″, and tanδ) are shown in
Fig. 12, Fig. 13, Fig. 14. Fig. 12 presents the storage modulus E′ of CNFs/FFRE laminates before and
after ageing. When 1.0 wt% CNFs were incorporated into FFRE laminates, a maximum improvement of
E′ was 21.5% compared with that of pure FFRE samples. After immersed in distilled water at 40 °C for
90 days, the storage moduli E′ of all samples experienced a considerable reduction as shown in Fig.
12b. For F0, F0.25, and F1.0, the E′ of 90-days aged samples decreased from 3452.8 MPa to 2750.2 MPa,

3054.9 MPa to 2604.3 MPa and 2463.9 MPa to 2001.3 MPa, respectively. It can be seen that the E′ of
F1.0 remained higher than those of F0 and F0.25, which means that the appropriate amount of CNFs was
beneficial for improving the stiffness of FFRE composites. The enhancement of E′ after adding CNFs in
FFRE laminates can be attributed to that the addition of CNFs made steric hindrance inside the epoxy
matrix, which limited the mobility of the molecular chains and decreased the deformation of molecular
chains [36]. The thermostability of CNFs/FFRE laminates was better than that of pure FFRE laminates.
In addition, the physical aggregation of molecular chains on the surface of CNFs increased the crosslinking density of epoxy resin [39].

Fig. 12. Variation in storage modulus (E′) with temperature for FFRE laminates with various CNFs content after
(a) 0 day and (b) 90 days of hygrothermal ageing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 13. Variation in loss modulus (E″) with temperature for FFRE laminates with varying CNFs content after (a)
0 day and (b) 90 days of hygrothermal ageing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 14. Variation in loss factors (tanδ) with temperature for FFRE laminates with varying CNFs content after (a)
0 day and (b) 90 days of hygrothermal ageing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

The loss modulus (E″) and loss factor (tanδ) are important parameters to evaluate the ability to
dissipate energy for FRP composites during deformation. The plots of E″ vs. temperature of pure FFRE
and CNFs/FFRE laminates before and after ageing are displayed in Fig. 13. It can be clearly observed in

Fig. 13 that the peak values of E″ of CNFs/FFRE laminates were higher than that of pure FFRE laminates
no matter ageing or not, which means that CNFs/FFRE laminates dissipated more energy due to the
friction between CNFs and epoxy molecules. Fig. 14 shows the variation of tanδ vs. temperature for
pure FFRE and CNFs/FFRE laminates. It reveals that the peak values of tanδ of CNFs/FFRE laminates
were higher than that of pure FFRE laminates before ageing. The value of tanδ of F1.0 was also higher
than of F0.25, which reflects that the viscosity for shock absorption of 1.0 wt% CNFs/FFRE laminates was
better than both pure FFRE and 0.25 wt% CNFs/FFRE laminates before ageing. After ageing for 90 days,
both pure FFRE and CNFs/FFRE laminates showed a similar peak as shown in Fig. 14b. This
phenomenon could be attributed to that the long-term hygrothermal ageing made a severe
degradation of the thermodynamics properties of all samples, which caused the effect of CNFs was not
obvious.
Glass transition temperature (Tg) is the highest temperature for FRP composites to be used in practice.
Fig. 15 shows the Tg of the pure FFRE and CNFs/FFRE laminates at certain ageing periods. Before
ageing, the Tg of FFRE laminates was increased as the CNFs amount was increased. When the amount
of CNFs was increased to 1.0 wt%, Tg was increased from 69.7 °C to 76.5 °C. The increase of Tg after
adding CNFs can be attributed to that CNFs can limit the deformability of epoxy resin matrix by
restricting the mobility of epoxy molecular chains. Additionally, as discussed in the part of E′, physical
aggregation of molecular chains on the surface of CNFs increased the cross-linking density of epoxy
resin, which also helps to increase Tg.

Fig. 15. Variation in glass transition temperature with temperature for FFRE laminates with different content of
CNFs after 0 day, 15 days, 30 days, and 90 days hygrothermal ageing. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

It can be noticed that the Tg of all samples tended to be similar and have a slight increase after ageing
during a period of immersion time as shown in Fig. 15. This phenomenon was also found in other

studies [46], [53], [54]. As shown in Fig. 16, the types of binding water can be classified into a Type I or
Type II bound water according to the activation energy and bond complex between water and epoxy
matrix [53]. The bonding of Type I water with low activation is not as strong as the bonding of epoxy
structure while the bonding of Type II water with high activation is stronger than that of epoxy
structure [46]. At the beginning of the ageing, a large amount of Type I bound water occupied the
interior of the epoxy matrix, combining with the epoxy molecular chains to form the single hydrogen
bond (Fig. 16a). These single hydrogen bonds are easy to be removed from those epoxy molecular
chains. With the increase of immersion time, Type II bound water gradually filled the epoxy matrix,
which can form multiple hydrogen bonds combined with the epoxy molecular chains (Fig. 16b). The
multiple hydrogen bonds not only are difficult to destroy, but also can form new cross-linking networks
of the epoxy matrix. They make the FFRE laminates to be more stable when exposed to hygrothermal
conditioning. Therefore, the Tg of both pure FFRE and CNFs/FFRE laminates has a slight increase after a
long-term immersion.

Fig. 16. Two ways of bound water combined with the epoxy matrix. (a) water molecules form one hydrogen
bond with epoxy molecular chains (b) water molecules form multiple hydrogen bonds with epoxy molecular
chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3.5. FTIR analysis

FTIR analysis was used to characterize the changes in bands and functional groups of pure FFRE and
CNFs/FFRE laminates exposed to the hygrothermal ageing environment. Fig. 17 presents the FTIR
spectrums of the unaged and aged samples from the range of 4000 cm−1 to 650 cm−1. It can be seen
from Fig. 17a that there was no new characteristic peak appeared after incorporating CNFs, which
means that the chemical structure of the CNFs/FFRE was not changed. For the relative bands and
functional groups of the epoxy matrix, the characteristic peak between 3600 cm−1 and 3000 cm−1
corresponded to the stretching of hydroxyl (-OH) groups. The stretching vibration of methyl (-CH3) and
methylene groups (-CH2) were at about 2962 cm−1 and 2924 cm−1, respectively. The bands and
functional groups related to the flax fibers can be found from the characteristic peaks with
wavenumbers below 2000 cm−1. For example, the characteristic peaks at 1725 cm−1 were associated
with the carbonyl (C‗O) stretching, and peaks at 1605 cm−1 referred to the non-esterified pectin [20].
Some characteristic peaks were at 1360 cm−1 for the swing of -CH3 and 1100 cm−1 for the ring stretch of
symmetric glycosidic (C-O-C) [20], [55]. The stretching vibration of C-OH for the cellulose backbone was
at 1080 cm−1 and the characteristic peak at about 1035 cm−1 referred to the primary alcohol of (C-O)
polysaccharides [20].

Fig. 17. FTIR spectra of unaged and aged pure FFRE and CNFs/FFRE laminates for (a) 0 days, (b) 30 days and (c)
90 days. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 17b and c present the changes in transmittance of some characteristic bands and functional groups
after ageing compared with Fig. 17a. For the epoxy matrix, the transmittance of the aforementioned
characteristic peaks (3600 cm−1 to 3000 cm−1, 2962 cm−1, and 2924 cm−1) increased as the increase of
ageing time. This means the number of these bands and functional groups decreased due to the severe
hydrolysis reaction of the epoxy matrix. The macromolecular polymer segments were broken down
into small molecular segments, which caused the epoxy matrix to be dissolved. This confirmed that
some defects developed in the epoxy matrix due to the ageing, which were also observed by SEM
images. Additionally, it can be seen in Fig. 17b and c that the transmittance of –OH of pure FFRE
laminates between 3600 cm−1 and 3000 cm−1 was lower than that of CNFs/FFRE laminates after ageing.
This change of –OH indicated that pure FFRE laminates absorbed more water than CNFs/FFRE
laminates during hygrothermal ageing, which is consistent with the water uptake results. For the
change of flax fiber after ageing, the transmittance of characteristic bands and functional groups below
2000 cm−1 of pure FFRE laminates were lower than that of CNFs/FFRE laminates after 90-days ageing as
shown in Fig. 17c, which indicates more relative bands and functional groups of flax fiber existed in
aged FFRE samples than those in aged CNFs/FFRE samples. Therefore, it can be inferred that the rate of
hydrolysis of flax fiber in pure FFRE laminates was faster than that in CNFs/FFRE laminates.
The ageing mechanism of pure FFRE and CNFs/FFRE laminates can be illustrated in Fig. 18 according to
the changes of bands and functional groups exhibited by FTIR spectrum. At the beginning of ageing, it
can be seen from Fig. 18a that the epoxy matrix and flax fiber were intact for both pure FFRE and
CNFs/FFRE laminates. When the pure FFRE and CNFs/FFRE laminates were immersed in distilled water,
the ageing process of samples firstly began with the degradation of the epoxy matrix due to the
hydrolysis reaction, leading to the generation of some micro-cracks. Afterward, the flax fiber absorbed
water, which entered through the micro-cracks of the epoxy matrix, and began to hydrolyze. The
structure and components of flax fiber are shown in Fig. 18. In the early stage of ageing, the

hemicellulose and pectin of flax fiber in pure FFRE laminates were firstly dissociated from the fiber
because of their low molecular weight [20], at which time the hemicellulose and pectin of flax fiber in
CNFs/FFRE laminates had not been completely hydrolyzed due to the relatively small amount of water
uptake. Since the cellulose accounted for a large proportion of the components of the flax fibers, the
change of relative bands and functional groups of pure FFRE and CNFs/FFRE laminates in the FTIR
spectrum (Fig. 17b) was not significant although some pectin and hemicellulose had been dissociated
at this time. With the increase of ageing degree, the high molecular weight celluloses of the flax fibers
began to hydrolyze due to a lot of ether bonds (C-O-C) of the cellulose backbone broken down as
shown in Fig. 18b. Some low molecular chains hydrolyzed from the celluloses were formed, such as
polysaccharides and monosaccharides. Although the flax fiber in pure FFRE laminates and CNFs/FFRE
laminates had been aged, the ageing degree of the celluloses in CNFs/FFRE laminates was milder than
that of pure FFRE laminates because the ageing rate of CNFs/FFRE laminates was slower than that of
pure FFRE laminates. These polysaccharides and monosaccharides, which were hydrolyzed from
hemicelluloses and celluloses, had similar bands and functional groups [56]. This caused that the
numbers of relative bands and functional groups of pure FFRE laminates were more than that of
CNFs/FFRE laminates. Therefore, the transmittance of relative bands and groups of flax fiber in pure
FFRE laminates exhibited in the FTIR spectrums was lower than that in CNFs/FFRE laminates, which
means that the hydrolysis of pure FFRE laminates was severer than that of CNFs/FFRE laminates.

Fig. 18. The ageing mechanism of pure FFRE and CNFs/FFRE laminates under hygrothermal conditions. (a)
unaged pure FFRE and CNFs/FFRE laminates and (b) aged pure FFRE and CNFs/FFRE laminates. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Combined with the other test results in this study, it can be concluded that the presence of CNFs
slowed down the ageing process of CNFs/FFRE laminates effectively by strengthening the epoxy matrix
and the interface adhesion. Additionally, it can also be found in Fig. 17b that the transmittance of
relative bands and groups of flax fiber in F1.0 after 90-days ageing was higher than that in F0.25, which
indicates that the CNFs with amount of 1.0 wt% in the epoxy matrix showed the best effect on slowing
down the ageing of FFRE laminates in this study.

4. Conclusions

In this study, the hygrothermal ageing behavior of FFRE laminates after adding CNFs subjected to
distilled water was experimentally investigated, and the ageing mechanism of CNFs/FFRE laminates
was also studied. From this study, following conclusions can be drawn:
(1) The addition of CNFs had a positive effect on improving the hygrothermal ageing behavior of
FFRE laminates. The CNFs/FFRE laminates containing 1.0 wt% CNFs showed best
hygrothermal ageing behavior among the laminates with 0.25 wt% to 2.0 wt% of CNFs
tested in this study.
(2) As the CNFs amount was increased from 0 to 2.0 wt%, the water uptake of CNFs/FFRE
laminates first declined till 1.0 wt% CNFs, and then increased when the amount of CNFs
increased to 2.0 wt%, but was still lower than that of pure FFRE laminates. It is because
that hydrophobic CNFs not only occupied some voids in the matrix, but also created a
tortuous diffusion path to delay the water molecules' movement in the FFRE laminates.
(3) The tensile strength and tensile elastic modulus of CNFs/FFRE laminates under hygrothermal
conditioning were enhanced as the amount of CNFs increased to 1.0 wt%. This is
because that the adding of CNFs not only improved the stability of the epoxy matrix, but
also strengthened the interface bonding between the flax fibers and the epoxy matrix,
which were observed on the SEM images of the fractured surfaces of the specimens.
(4) The storage modulus of CNFs/FFRE laminates was improved compared with that of pure
FFRE laminates before and after hygrothermal ageing. This is because that CNFs made
steric hindrance inside the epoxy matrix of FFRE laminates and increased the crosslinking density of the epoxy matrix. The glass transition temperature (Tg) of both
CNFs/FFRE and pure FFRE increased slightly after immersed in distilled water because
the bound water of Type II formed multiple hydrogen bonds with epoxy molecular
chains.
(5) The changes of relative bands and functional groups presented in the FTIR spectrums
indicated that the ageing rate of CNFs/FFRE laminates exposed to the hygrothermal
environment was slower than that of pure FFRE laminates. This is because that CNFs
strengthened the epoxy matrix and restricted the water diffusion in the laminates. The
amount of 1.0 wt% CNFs showed best effect on slowing down the ageing of the FFRE
laminates in this study. Therefore, adding appropriate amount of CNFs into FFRE
laminates is beneficial to improve the long-term hygrothermal durability of FFRE
laminates.
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